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We perform hydrodynamical calculations to explore the time evolution of the ionization
states in the ejecta of young type Ia supernova remnants (SNRs Ia) taking into account
photo-ionizations inside the reverse shock. In this calculation, we introduce the two tem-
perature, ion and electron temperature, approximation for shocked plasma. In the shocked
region, we consider collisional ionizations with the excitation-autoionization effects. Then
we derive the X-ray spectra and the surface brightness profiles and compare them with
observations for the Tycho Brahe’s SNR (SNR Tycho). Results depend on the density of
the circumstellar matter and the initial distribution of elements. To see the dependence on
the initial distribution of elements, we use the carbon deflagration model and the delayed
detonation model. We calculate the time evolutions of SNRs based on these two models em-
bedded in the uniform interstellar gas with different densities to reproduce SNRs Tycho. As
a result, the deflagration model can reproduce the observed X-ray spectrum of SNR Tycho if
the inner-shell ionization is taken into account. On the other hand, the delayed detonation
model would yield too bright Fe K lines for the same SNR.

§1. Introduction

SNe Ia are very important objects as standard candles for Cosmology, Fe sources
for the galaxy evolution, and so on. However, their evolutional models are more
arguable, compared with the other type of SNe which are triggered by gravitational
collapse. Presently, most of the astronomers believe that there are two types of
plausible scenarios. One is single degenerate model, and the other is accreting white
dwarf (WD) model. The latter seems more plausible than the former, because,
for example, the mass donor companion star was discovered in SNR Tycho.1) By
the way, we try to verify it with another method.2), 3) In accreting WD models,
two models, deflagration and delayed detonation models, are dominant. However,
explosion models are discussed actively between the two models.

Deflagration models are popular explosion models. A WD star accreting gas
from its companion star increases its mass close to the Chandrasekhar limit and
then ignites unstable carbon burning, so-called carbon flash in the central region.
The resultant deflagration wave propagates from the center to the surface at sub-
sonic speeds accompanied with nuclear reactions. It is not only a theoretical conjec-
ture. For example, W7 model4) can naturally reproduce many observed SN Ia light
curves. However, generally speaking, high energy X-ray photon emission, especially
Fe K lines emission, of the deflagration model tends to be lacked compared with
observation.

Delayed detonation models are different from deflagration models after ignition.
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Deflagration wave is supersonic. A remarkable difference of these two models is
nuclear synthesis. In delayed detonation models, heavy elements (e.g. Fe, Ni) are
distributed to the outer area than deflagration model. Therefore, delayed detonation
models can reproduce observed X-ray spectra easier than deflagration models. How-
ever, there are some problems in the models. The biggest problem is that transition
mechanism from deflagration to detonation is unclear. Thus, in the hydrodynamical
simulations, it is necessary to input initial condition by hand.

In this research, internal state of young SNRs Ia, ion distribution, ion fraction,
and main physical quantities are estimated by spherical symmetric hydrodynamic
calculations with both the deflagration model and the delayed detonation model.
Then, the X-ray spectra and surface brightness are derived and compared with ob-
servations for SNR Tycho, which is one of the youngest SNRs and considered as SN
Ia.

§2. Calculation

First of all, we need to calculate hydrodynamical evolution and estimate in-
ternal physical statuses of young SNRs Ia in order to know X-ray spectra of the
young SNRs. We use Piecewise Parabolic Method (PPM) to solve hydrodynamical
equations numerically. We assume spherical symmetry, and use W7 model4) as a
deflagration model and a delayed detonation model.5) In this calculation, one of the
most important factors that have an influence on final results is the circumstellar
density. We calculate the evolution with several values of the density around 1 cm−3

to reproduce X-ray observations of SNR Tycho in 430 years after the explosion. The
column density for interstellar absorption is nH = 3.7× 1021 cm−2.

Photons emitted from the shocked region affect ionizaiton in the pre-shocked
inner region.

When we calculate collisional ionization in the shocked region, we use the two
temperature approximation, since the ion and electron temperatures can not be equli-
brated in the young SNRs. In this calculation, the effect of excitation-autoionization
is included for some ions. On the other hand, the recombination is ignored, because
the recombination time scale is very long, on the order of 105 years.

It is important that the inclusion of the inner shell ionization enhances the high
energy X-ray flux especially the Fe K line.6) Because the lack of high energy X-ray
emission is a reason that delayed detonation models are needed, the effect weaken a
ground that delayed detonation models are better model than deflagration models.

Then we need to calculate ionization in the pre-shocked inner region. In the
region, the temperature is too low neither to ionize nor to excite by themselves
before the reverse shock reached. Thus ionizaion is induced by emitted photon from
the shocked region. We calculate radiative transfer by solving the transfer equation
by each 5 years. This calculation is necessary to calculate accurate temperature of
reverse shock which is affected by the number of ions and electrons.
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§3. Results

3.1. X-ray flux

Fig. 1. SNR Tycho’s calculated X-ray spec-

tra. Red line is for a deflagration model

and blue line is for a delayed detona-

tion model with CSM density nCSM = 1.0

cm−3.

We calculate models with several
circumstellar medium number densities
nCSM = 0.5-2.0 cm−3 to compare the re-
sultant X-ray emissions with observations
for SNR Tycho. The effect of inner shell
ionization is unexpectedly high especially
for Fe K lines emission. Thus in the de-
layed detonation models, Fe K lines emis-
sion (∼6.5 keV) is much stronger than
the other element’s K lines, while the ob-
served Fe K line is weaker than the Ar
and Ca K lines.7) The tendency holds
for all the above CSM densities. On the
other hand, in the deflagration models
the flux of Fe K lines is enough for high
CSM density (Fig. 1). The deflagration
model seems more plausible than the late
detonation model.

3.2. Surface brightness

Fig. 2. SNR Tycho’s calculated Fe XVII sur-

face brightness of deflagration model with

CSM density nCSM = 1.0, 0.5, 2.0 cm−3,

the distance of SNR Tycho is assumed as

2.6 kpc.

Fig. 3. SNR Tycho’s calculated surface bright-

ness. Red line is Fe K line and blue line is

Fe XVII line.

Since the size of the SNR depends on the CSM density, the size of the observed
surface brightness tells us the relation between CSM density and distance to the
SNR. In our calculation, the distance of SNR Tycho is 3.0, 2.6, 2.3 kpc for nCSM
= 0.5, 1.0, 2.0 cm−3 respectively (Fig. 2). The surface brightness profiles of late
detonation models peak slightly outer than those of deflagration models with the
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same CSM density.
In the observation results, the peak of Fe K line emission lies inner region than

Fe XVII lines’ peak.7) However, in our calculations, the peaks of these two lines
almost coincide (Fig. 3).

§4. Conclusions and Discussions

Our resultant spectra are not emulated for X-ray telescopes, and it is our future
work. Now, we can argue only qualitatively. Nonetheless, deflagration models seem
better than delayed detonation model from our results.

The biggest current issue is that the peak position of the X-ray surface bright-
ness. In observation, most of the region emitting Fe K lines is inner than that of Fe
XVII lines. But in our calculations, these must have the peak at the same radius,

because most brighter ion emitting Fe K lines is Fe XVII. A probable idea is
that the cause of it is occurred by spherically asymmetry,

but the ion distribution to reproduce this surface brightness must be quite un-
natural one.

As another idea, we have oversight to count the emitted photon. But if it is
true, the X-ray emission from inner region is too strong compared with observation.
This problem is unresolved.
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